A B S T R A C T Herpes simplex virus (HSV) types
INTRODUCTION
Herpes simplex viruses (HSV)1 are a frequent cause of uncomfortable primary or recurrent mucocutaneous infections (1, 2) , and may cause protracted painful illnesses in immunocompromised hosts (3) . Although a number of agents have been studied, antiviral chemoReceived for publication 12 April 1979 and in revised form 27 September 1979. 1 Abbreviations used in this paper: Ad2, adenovirus 2; E, electricity; HPD, hematoporphyrin derivative; HSV, herpes simplex virus; X, light; MB, methylene blue; PDI, photodynamic inactivation; PFU, plaque-forming units; SDS, sodium dodecyl sulfate. 432 therapy has not been effective in the treatment of herpes labialis or herpes genitalis. Photoactive dyes such as proflavine or neutral redl have been shown to inhibit the plaque-forming ability of HSV after photoirradiation of either infected cells or a suspension of dye and virus (4-7) by a process known as photodynamic inactivation (PDI). This technique not only inactivates HSV, but the resulting particles can transform hamster embryo fibroblasts (6) . The molecular biologic targets critical for PDI by heterotricyclic compounds have not been elucidated, but Khan et al. (5) have suggested that irradiation of infected cells pretreated with proflavine interferes with viral productioni at a step subsequient to DNA svnthesis. Conventional methods of PDI that employ photoactive dves anid light (X) in the presenee of ambient concentrationis of 02 have not proven to be effective antiviral therapies (8) .
This laboratory has developed two modifications of PDI. Low concentrations of methylene blue (1 ,uM, MB, Sigma Chemical Co., St. Louis, Mo.) can be electrically reduced with small amounts of current, and, when irradiated in the presence of HSV, a dramatic fall in viral titer ensues (9) . The antiviral effect is dependent on dye concentration and amperage. It is partially inhibited by superoxide dismutase, suggesting that the superoxide anioni is an important intermediate (9) . Alternatively, hematoporphyrin derivative (HPD),2 a mixtture of several photoactive tetrapyrrols, will completely inhibit the in vitro infectivity of HSV after illumination of a mixture of dye and virus. This effect is dependent UpoIn the presence of oxygen as well as 2 Lewin, A. A., C. S. Crtumpacker, and L. E. Schhnipper. (15) . Infected cells were lysed with 0.5% (sodium dodecyl sulfate) (SDS), incubated with nuclease-free Pronase (500 4±g/ml, Calbiochem, La Jolla, Calif.) at 370C for 1 h, and extracted twice with 0.1 NI Tris, pH 7.4-saturated phenol. The DNA was then treated for 3 h at 37°C with 100 ug/ml of pancreatic ribonuclease (Worthington Biochemical Corp., Freehold, N. J.; boiled for 10 min to inactivate DNase). After two additional phenol extractions, the DNA was dialyzed against 15 mnM NaCl-1.5 mM Na-citrate with three changes over 24 h.
Radiolabeled adenovirus 2 (Ad2) and SV40 DNA were extracted from purified virions by lysis in 0.3% SDS-1 mg/ml nuclease-free Pronase, and extraction in Tris-saturated phenol, as previously described (12, 13) . Velocity sedimentation. Inactivated or untreated virions were suspended in 0.5% SDS and 2% sarkosyl, heated at 600C for 2 min, and layered on 5-20% (wt/wt) neutral sucrose gradients. Alternatively, the lysed virions were denatured with 0.1 N NaOH and layered on 5-20% (wt/wt) alkaline sucrose gradients in 0.7 M NaCl, 0.15% sarkosvl, 0.1 N NaOH.
Sedimentation was carried out in an SW 50.1 rotor for an appropriate time at 150C. Fractions were collected and radioactivity determined in a liquid scintillation counter. Sedimentation constants were determined bv the method of Burgi and Hershey (16) , with SV40 or Ad2 DNA employed as a marker.
Photodiltnam ic Itnactivationi of HSV-1 MB, X, anid electrical inactivation (9) . All studies were performed in methyl methacrvlate cells fitted with platinum electrodes and packed in ice. Cell dimensions were 3.5 (length) x 3.8 (height) x 0.8 (width) cm. A constant X source was provided bv Mobilite tensor lamp (Nlobilite, Inc., Hauppauge, N. Y.) maintained at a fixed distance of 20 cm from the methyl methacrvlate chamber. The spectral irradiance at this distance, as determined by an EEG radiometer 580-11 (EGG Co., Salem, NMass.), was 190 itLW/cm2. A Keithly 225 current source (DC) (Keith Instruments, Inc., Cleveland, Ohio) provided E, and the voltage across the sample was measured. MB was freshly prepared in water at appropriate concentrations (9).
Hemlatoporphyrin and X. Hematoporphvrin derivative (HPD, Rouselle Corporation, Alco, Chicago, Ill.) was purified according to the method of Gregorie et al. (17) . A stock solution of 5 mg/ml wvas made by dissolving the pigment in 1 N NaOH, diluting it with 0.9% NaCl, and neutralizing it to pH 7.4 with HCI. The HPD was stored at 4°C in the dark and filtered (0.2 ,Um Nalgene filter; Nalgene Labware Div., Nalgene Co., Rochester, N. Y.) before use. A 300 W Kodak 760H slide projector lamp (Eastman Kodak Co., Rochester, N. Y.) was used to illuminate viral suspensions. Irradiance was determined with a calibrated YSI-Kettering model 65 radiometer (Yellow Springs Instrumenit Co., Yellow Springs, Ohio). Durinig illumination, the dlve-virus mixture was mainitainie(d at 18°-21°C.
RESULTS
Single strand interruptionis in herpes simlplex viral DNA. HSV-1 or HSV-2 is rapidly and completely inactivated when a suspension of virions and HPD is irradiated with 26 mW/cm2 of X for 1 min (Fig. 1) . In the absence of either X or dye, no change in viral titer is observed. Similarly, a low concentration of MB, when electrically reduced and illuminated with X in the presence of HSV types 1 or 2, inhibits viral infectivity to the limits of the assay (Fig. 2 ). Under these conditions neither MB alone, nor MB with E or X results in inhibition of the viral particles.
To assess the introduction of single strand interruptions into viral nucleic acid, [3H]HSV-1 nucleocapsids were photodynamically treated by both techniques. The particles were then lysed at 60°C in the presence of sarkosyl (2%) and SDS (0.2%), denatured, and co- observed having an average sedimentation constant of 4S. This is in marked contrast to the multiple species of higher molecular weight DNA derived from untreated nucleocapsids (Fig. 3) (Fig. 4A and B) or DNA exposed to HPD in the dark (not shown). When denatured, treated Ad2 DNA migrates more slowly than untreated Ad2 DNA, forming multiple peaks between 9S and 32S in a 5-20% alkaline sucrose gradient (Fig. 4C and D DNA synthesis by untreated HSV-1 or by photodynamically inactivated virions was determined by isopycnic centrifugation of purified infected-cell nucleic acid. Confluent Vero cells were infected with either 10 PFU/cell of untreated HSV-1 or the same amount of virus treated with NIB-plus E, or HPD plus X. The infectivity of inactivated virions was completely abolished, as determined by plaque titration. 2 h after infection, [3H]thymidine was added to the media to a final concentration of 10 uCi/ml and the cells harvested at 16 h. 10 ,g whole DNA was mixed with CsCl and adjusted to a d of 1.700 g/cm3 before centrifugation. DNA from the untreated HSV-1 infection reveals distinct peaks at 1.726 and 1.700 g/cm3 consistent with radiolabeled viral and cell DNA, respectively. (Fig. 6A ). Virus inactivated with NIB, A, and E also induces viral DNA replication (Fig. 6B) . However, the cells infected with HPD-and X-treated virions demonstrate a single peak of labeled DNA at d 1.700 g/cm3, but none at 1.726 g/cm3 (Fig. 6C) . This observation is consistent with a failure to induce replication of viral nucleic acid in cells infected with HPD plus A inactivated HSV-1.
Differenitial effects of HPD atnd A otn viruis and cells.
To determine whether there is a selective effect of HPD plus A on HSV, PDI of virus, cells, and virusinfected cells was undertaken. Inhibition of 99.99% of plaque formation by cell-free virus is observed at an HPD concentration (1 gM) that diminishes cell survival by 35% (Table I ). At the same dose level, cells that have been infected with 0.1 PFU/cell of HSV-1 and photodynamically treated after a 2-h adsorptioin period also demonstrate a greater reduction in viral production than in cell proliferation (Table I ). This is observed at both the 1 and 6.5 ,tM dose levels, respectivelv. Cell survival after phototreatment of HSV-1- (18) . They form the basis of the photosensitization that accompanies some of the porphyria syndromes, and of selected antiviral techniques (19, 20 (21) . This leads to loss of guanine residues, gaps in the base sequence, and single strand breaks (21) . Although it has not been confirmed that the mechanism is the same, single strand interruptions are generated in viral DNA after MB plus X plus E treatment of either HSV-1 or Ad2. Despite the introduction of structural changes into nucleic acid, these inactivated virions are capable of initiating the early stages of infection. In the current studies, the time-course for adsorption of treated and untreated virions to susceptible cells, and nuclear penetration by parental viral DNA, is similar to the findings of Hochberg and Becker (22) who employed a prototype strain of HSV-1. Isopycnic centrifugation of purified whole cell DNA after infection with either untreated or MB-plus X-plus E-exposed virions demonstrates two distinct peaks of DNA synthesis, at 1.726 and 1.700 g/cm3. These represent induction of viral and cell DNA replication, respectively.
Similar findings emerged from a study of HSV-1-infected cells pretreated with low doses of proflavine and then irradiated (5) . Despite a marked reduction in infectious progeny, viral and cell DNA synthesis were not inhibited. Thus, in both the proflavine and MB, X plus E inactivation systems, the photodynamic effect appears to result from interference in the process ofviral maturation subsequent to DNA replication. Confirmation of this finding awaits comparisons between viral proteins induced by treated and untreated virus after DNA synthesis.
Irradiation of HSV-1 in the presence of HPD inhibits plaque formation by a very different mechanism. The initial steps in viral infection are ineffective because radiolabeled virions neither adsorb to nor penetrate the nuclei of susceptible cells. This is consistent with the absence of a peak of newly synthesized viral DNA in a CsCl density gradient of radiolabeled infected cell nucleic acid and a failure to induce viral-specific antigens.2 Although this photodynamic process can result in single strand interruptions in viral DNA, this does not appear to be the critical target for in vitro inactivation of suspensions of virus.
The defects in adsorption and penetration suggest an HPD-associated alteration in the viral surface. Porphyrins are known to form radicals in a lipid milieu that may lead to lipid peroxidation (23 
